Li M, Tjen-A-Looi SC, Guo ZL, Longhurst JC. Electroacupuncture modulation of reflex hypertension in rats: role of cholecystokinin octapeptide. Am J Physiol Regul Integr Comp Physiol 305: R404 -R413, 2013. First published June 19, 2013 doi:10.1152/ajpregu.00196.2013.-Acupuncture or electroacupuncture (EA) potentially offers a nonpharmacological approach to reduce high blood pressure (BP). However, ϳ70% of the patients and animal subjects respond to EA, while 30% do not. EA acts, in part, through an opioid mechanism in the rostral ventrolateral medulla (rVLM) to inhibit sympathoexcitatory reflexes induced by gastric distention. CCK-8 opposes the action of opioids during analgesia. Therefore, we hypothesized that CCK-8 in the rVLM antagonizes EA modulation of sympathoexcitatory cardiovascular reflex responses. Male rats anesthetized with ketamine and ␣-chloralose subjected to repeated gastric distension every 10 min were examined for their responsiveness to EA (2 Hz, 0.5 ms, 1-4 mA) at P5-P6 acupoints overlying median nerve. Repeated gastric distension every 10 min evoked consistent sympathoexcitatory responses. EA at P5-P6 modulated gastric distension-induced responses. Microinjection of CCK-8 in the rVLM reversed the EA effect in seven responders. The CCK1 receptor antagonist devazepide microinjected into the rVLM converted six nonresponders to responders by lowering the reflex response from 21 Ϯ 2.2 to 10 Ϯ 2.9 mmHg (first vs. second application of EA). The EA modulatory action in rats converted to responders with devazepide was reversed with rVLM microinjection of naloxone (n ϭ 6). Microinjection of devazepide in the absence of a second application of EA did not influence the primary pressor reflexes of nonresponders. These data suggest that CCK-8 antagonizes EA modulation of sympathoexcitatory cardiovascular responses through an opioid mechanism and that inhibition of CCK-8 can convert animals that initially are unresponsive to EA to become responsive. sympathoexcitation; acupuncture; nonresponders; rostral ventrolateral medulla THE LIFETIME RISK OF DEVELOPING hypertension, an important underlying cause of stroke and heart attacks, increases with age for middle-aged adults (2013 AHA Statistical Fact Sheet). The 7th Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure report recommends lifestyle modification (i.e., nontraditional approaches) with or without pharmacological intervention (10). Acupuncture or electroacupuncture (EA) potentially offers a nonpharmacological approach to reduce high blood pressure (BP). Recently, we and others have shown that in mildly hypertensive patients, EA applied once weekly over an 8-wk course of therapy lowers BP by 10 -12 mmHg, a response that persists for an additional 4 wk after termination of EA stimulation (18, 41) . Notably, the hypotensive action of acupuncture, including manual and EA, is absent in a subgroup (nonresponders) comprising ϳ30% of clinical and experimental subjects undergoing treatment (40, 41, 72) . The mechanisms of the cardiovascular nonresponsiveness to EA are unknown.
comprising ϳ30% of clinical and experimental subjects undergoing treatment (40, 41, 72) . The mechanisms of the cardiovascular nonresponsiveness to EA are unknown.
The rostral ventrolateral medulla (rVLM) serves as an important site of regulation for respiration, circulation, and pain, and it is an essential region controlling sympathetic outflow (24, 48) . Our previous study showed that -and ␦-opioid receptors in the rVLM play an important role in EA's cardiovascular action (45) . In addition, enkephalinergic neurons (22) in the rVLM are activated by EA, suggesting that this opioid neuromodulator participates in EA suppression of sympathoexcitatory activity in this brain stem region. Moreover, the opioid-mediated inhibitory actions of EA occur in the hypothalamus, midbrain, and the brain stem, including the rVLM (44, 45) . Endorphins in the arcuate nucleus of the ventral hypothalamus are transported to the rVLM through long projections (23, 44) . Recently, we have shown that the expression of preproenkephalin, the precursor of met-enkephalin, is increased late (90 min) in the rVLM after a single, as well as 24 h, after repetitive EA stimulation in anesthetized (38) and conscious rats (37) , suggesting that molecular changes of enkephalin gene expression contribute to EA's prolonged cardiovascular actions. Hence, enkephalins, endorphins, as well as their related receptors in the rVLM, importantly participate in cardiovascular modulation by EA.
Cholecystokinin (CCK) originally found to be located in the gastrointestinal tract more recently has been identified in the central nervous system (CNS) as a neurotransmitter that is involved in many important functions, including satiety, pain, cognition, and emotion (13, 55) . The sulfated C-terminal octapeptide of cholecystokinin (CCK-8) is the predominant form of CCK in the CNS. Neurons containing CCK and its receptors are localized in several regions of the brain, including the brain stem (3, 4, (51) (52) (53) . CCK-8 in the rVLM modulates sympathetic outflow (61, 62) . This peptide antagonizes the opioid regulation of pain (26) , mood disorders (27) , as well as acupuncture's action through stimulation of CCK1 and CCK2 receptors (25, 31, 32, 34, 35, 63, 76) . In the past two decades, the CCK system has been shown to reduce responsiveness to the analgesic effect of EA (25, 31, 32, 34, 35, 63, 76) . Exogeneous CCK injected intracerebroventricularly was used in one study (25) . Other studies have relied on molecular rather than physiological evidence (31, 32, 34, 35, 76) . A single study evaluating low responders has shown that reducing tissue levels of CCK in the cortex, hippocampus, and midbrain is associated with an increase in the responsiveness to EA analgesia (63) . The specific nuclear location of this action and the mechanism by which lower levels of CCK improved EA analgesia have not been assessed. Furthermore, CCK's role in EA modulation of cardiovascular function has not been evaluated nor has the mechanism underlying the complete absence of responsiveness to EA. Thus, in the present study, we hypothesized that CCK-8 in the rVLM antagonizes EA modulation of sympathoexcitatory reflex pressor responses. A preliminary report of this work has been published (39) .
MATERIALS AND METHODS
All procedures were carried out in accordance with the Society for Neuroscience and guidelines developed by the National Institutes of Health. The minimum possible number of rats was used to obtain reproducible results in this study. In addition, every effort was made to minimize discomfort and suffering. Surgical and experimental protocols were approved by the Animal Use and Care Committee at the University of California, Irvine. This study focused on nonresponders to EA, although a few responders were used to evaluate the action of CCK-8 during EA inhibition of the excitatory reflex. Since we found more responders than nonresponders, the responsive animals not used in protocols of the present study were utilized in other ongoing studies in our laboratory.
Anatomical Study
Immunohistochemical staining for enkephalin and CCK1 receptors: surgical preparation. Adult male Sprague-Dawley rats (400 -500 g) were used to microinject colchicine into the subarachnoid space. Briefly, a mixture of ketamine/xylazine (80/12 mg/ml; Sigma) was used to induce (0.3-0.4 ml im) and maintain (0.1-0.2 ml im) anesthesia. Body temperature was monitored with a rectal probe and maintained at 37°C. Heart rate and oxygen saturation were monitored using a pulse oximeter (Nonin Medical, Plymouth, MN). Following induction, the head of the rat was placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA) and flexed ϳ30°forward in the frame. A one-inch midline incision was made from the external occipital protuberance located at the base of the skull. After exposing the foramen magnum near the brain stem, a 27-gauge, 1.25-inch-long hypodermic needle attached to a 1.0-ml syringe was inserted into the subarachnoid space through the atlanto-occipital membrane overlying the fourth ventricle. We injected colchicine (80 g/kg; Sigma, St. Louis, MO) in 0.08 -0.13 ml of solution (3,000 g/ml) dissolved in 0.9% normal saline. The dose of colchicine used in the present study was determined on the basis of previous studies (6, 11, 17, 22) . Following administration of colchicine, the incision was closed, and the rats were allowed to recover.
Tissue preparation. Rats were reanesthetized with a large dose of ketamine/xylazine (0.6 -1.0 ml im) 22-24 h following administration of colchicine. The animals then were perfused transcardially with 0.9% saline and cold 4% paraformaldehyde in phosphate buffer (PB; pH 7.2). The medulla oblongata was removed and stored in 4% paraformaldehyde for 2 h and subsequently in 30% sucrose for 48 h to prevent ice crystallization. Coronal sections of the brain (30 m) were cut with a cryostat microtome (Leica CM1850; Leica, Nussloch, Germany) and serially placed in cold cryoprotectant solution (7) . Double-fluorescent labeling. Free-floating sections were used for immunohistochemical staining, as described previously (21) . Briefly, after rinsing three times (10 min each) with PBS containing 0.3% Triton X-100 (PBST; pH ϭ 7.4), brain sections were placed in 1% normal donkey serum (Jackson Immunoresearch Laboratories, West Grove, PA) for 1 h and incubated with primary antibodies at 4°C for 48 h. PBST solution containing two primary antibodies, including a goat anti-CCK1 receptor (1:250; Santa Cruz Biotechnology, lot no. E1067, Santa Cruz, CA) and a mouse anti-met-and anti-leu-enkephalin antibody (1:400, no. MAB350; Chemicon International, Atlanta, GA). Sections then were incubated with rhodamine-conjugated donkey anti-goat and fluorescein-conjugated donkey anti-mouse antibodies (all 1:100; Jackson Immunoresearch Laboratories) in PBST at 4°C for 24 h. These secondary antibodies raised in the donkey are made for multiple labels. They have minimal cross-reactivity to other nonspecific species (2010 catalog specializing in secondary antibodies; Jackson Immunoresearch Laboratories). Sections were mounted on slides and air dried after washing with PBS (pH ϭ 7.4) for 30 min (10 min ϫ 3 times). Slides were covered with glass slips using mounting medium (Vector Laboratories, Burlingame, CA). In addition, immunohistochemical control studies were performed by omission of the primary or secondary antibodies and by preabsorption with excess met-and leu-enkephalin peptide (both 10 g/ml, nos. 0537500 and ZN233; Bachem Peninsula Laboratories, San Carlos, CA). No labeling was detected under these conditions.
Imaging analysis. Brain sections were scanned and examined with a laser-scanning confocal microscope (Zeiss LSM 710, Meta system; Zeiss, Thornwood, NY). This apparatus was equipped with HeNe and Argon lasers and allowed operation of multiple channels. Lasers of 488-and 543-nm wavelengths were used to excite fluorescein (green) and rhodamine (red). Each confocal section analyzed was limited to 0.5-m thickness in the Z-plane. Digital images of the labels were captured and analyzed with software (Zeiss LSM) provided with this microscope. Images in two colors in the same plane were merged to reveal the relationship between two labels. Single-and double-labeled neurons were evaluated.
Physiological Studies
Drugs. The opioid receptor antagonist, naloxone (100 nM) (69) and the CCK1 receptor antagonist devazepide (alternative names: MK-329 or L-364718, 0.5 mM) (12) were purchased from Sigma Aldrich (St. Louis, MO). The sulfated CCK-8 agonist (0.2 mM) (26) was bought from American Peptide (Sunnyvale, CA). Devazepide powder (25 mg) was rinsed in 500 l ethanol, dissolved in the same amount of polyethylene glycol 400 (Sigma Aldrich) to achieve a concentration of 25 mg/ml, and stored before use at 4°C. On the day of the experiment, we mixed 1.6 l of the devazepide solution with 1.6 l Tocrisolve 100 (Tocris, Ellisville, MS) to achieve a concentration of 12.5 mg/ml that was diluted further with saline to yield a final concentration of 0.2 mg/ml (0.5 mM). The vehicle for both CCK-8 and naloxone was normal saline, while 0.4% ethanol, 0.4% polyethylene glycol 400, and 0.8% Tocrisolve 100 in saline were used to dissolve devazepide. Cited references describe affinities, specificities, and dosages of drugs (12, 26, 69) .
Anesthesia and surgical preparation. Studies were performed on adult Sprague-Dawley male rats (retired breeders, 450 -700 g) following an overnight fast. Anesthesia was induced with ketamine (100 mg/kg im). Additional doses of ␣-chloralose (25-30 mg/kg iv) were administered to maintain an adequate level of anesthesia. A femoral vein was cannulated for the administration of fluids, and a femoral artery was cannulated and connected to a pressure transducer (P23XL, IBP) to monitor blood pressure. Heart rate was derived from the pulsatile blood pressure signal. The trachea was isolated and intubated to provide artificial ventilation using a respirator (model 661; Harvard Apparatus). Arterial blood gases and pH were measured periodically with a blood gas analyzer (ABL5; Radiometer America, Westlake, OH) to assess each animal's physiological condition. Blood gases were maintained within the normal physiological range: PO2 Ͼ100 mmHg, PCO2 (30 -40 mmHg), and arterial pH (7.35-7.4) . Body temperature was monitored with a rectal thermometer (model 44TD), and maintained between 36 and 38°C with a heating pad.
Gastric distention. An unstressed 2-cm diameter latex balloon (catalog no.: 391766, www.Amscan.com) was attached to a polyurethane tube (3-mm diameter) and inserted into the stomach through the mouth and esophagus. Transmural pressure was determined by measuring the pressure required to inflate the balloon with various volumes of air before it was inserted into the stomach (43) . The balloon was palpated manually from the surface of the body during insertion, as it was passed through the esophagus into the stomach to confirm positioning of the balloon inside the stomach. A syringe was attached to the cannula to inflate and deflate the balloon with air, while a manometer through a T-connection was used to monitor balloon pressure. Distention pressures were selected to fall within the range that a rat normally experiences during ingestion of food and fluids in a single meal (2, 15) . To induce increases in blood pressure, the balloon was inflated inside the stomach. Increases in blood pressure were observed within 30 s of inflation. The balloon was deflated within 30 s after reaching the maximal increase in blood pressure. We did not include animals in the study when the balloon was verified post mortem to be in the esophagus.
Microinjections. Animals were placed in a stereotaxic head frame to position their heads with the floor of the fourth ventricle in a horizontal position. A partial craniotomy was performed to expose the medulla to allow access to the rVLM. A modified CMA microdialysis probe that was 14 mm long (tip diameter 0.24 mm; CMA Microdialysis, Stockholm, Sweden) and lacked the microdialysis membrane (65, 66) was inserted unilaterally (side chosen randomly) into the medulla with visual approximation at a 90°angle relative to the dorsal surface of the medulla, 1.8 -2.3 mm lateral from the midline, 1-1.5 mm rostral to the obex, and advanced 3.0 -3.3 mm from dorsal toward the ventral surface (56) . These coordinates provide access to a region in the rVLM that has been found to contain premotor sympathoexcitatory cells (24) . Proper positioning of probes in the rVLM was confirmed by noting a 5-10-mmHg elevation in arterial pressure following probe insertion. These changes are similar to those observed during investigation of neurotransmitter actions in the rVLM (29, 50, 64) . The probe was connected to a UMP3 microsyringe injector (World Precision Instruments, Sarasota, FL) and a 25-l Hamilton syringe to deliver 50 nl at a rate of 25 nl/s. Of note, several of our previous studies (14, 43, 64, 66) have demonstrated significant blockade of EA's actions following unilateral administration of drugs that is similar in magnitude to that observed with bilateral microinjection (64) . Microinjection of vehicle into the rVLM and drug into surrounding regions provided chemical and anatomical controls.
Electroacupuncture. Acupuncture needles (32 gauge stainless steel) were placed bilaterally at P5-P6 acupoints at a depth of ϳ3 mm (14, 43) . This region of the pericardial meridian located just above the flexor crease in the paw overlies the median nerve. Stimulation of these acupoints has been shown to evoke strong input into the rVLM (68) . The needles were connected to a constant current stimulator with stimulus isolation unit and stimulator (model no. S88, Grass, West Warwick, RI). Each set of electrodes was stimulated separately, so that current did not flow from one location to the contralateral forelimb. Correct placement of the needles at the P5-P6 acupoints was confirmed by observing slight repetitive paw twitches at or near motor threshold during EA. The twitches were important observations to confirm stimulation of motor fibers in the median nerves (8, 42, 43) . Gallamine triethiodide (4 mg/kg) was administered intravenously before application of 30 min EA (2 Hz, 0.5 ms, 1-4 mA) to avoid muscle movement during stimulation of the median nerves. Of note, motor nerve stimulation does not participate in the EA-cardiovascular response since we have shown that EA inhibition of reflex cardiovascular responses does not change following muscle paralysis (46) . Application of EA lasted 30 min, while gastric distention during MN afferent stimulation was repeated every 10 min.
Histological confirmation of microinjection sites. The injection sites were marked with 50 nl of Chicago Sky Blue dye (5% in 0.5 M sodium acetate) at the end of each experiment. Thereafter, rats were euthanized under deep anesthesia with additional ␣-chloralose, followed by saturated KCl. The stomach was exposed to confirm placement of the balloon. The medulla was removed and submerged in 4% paraformaldehyde for at least 72 h. Frozen 40-m coronal sections were cut with a CM 1850 cryostat microtome (Leica) to confirm histologically the microinjection sites. Dye spots were identified with a binocular microscope. Using the atlas of Paxinos and Watson as a guide, sites of microinjections in the medulla were plotted with Corel Presentation software on reconstructed coronal sections (56) .
Experimental Protocols
EA actions on gastric reflex responses. Arterial blood gases, pH, and body temperature were kept within normal limits throughout the study. Gastric distention was induced by slowly inflating the balloon over a 10-s period by injecting 8 -10 ml of air. Once the maximal increase of blood pressure was attained (generally within 30 s), the injected air was withdrawn slowly from the balloon. Peak excitatory blood pressure responses were noted typically within 20 to 30 s of inflation. Ten-minute recovery intervals were necessary to generate repeatable cardiovascular reflex responses (14, 43, 79) . In seven other rats, the response to 30 min of EA at P5-P6 acupoints was evaluated during repeated gastric distention.
Role of CCK-8 in pressor reflex and EA response. The action of CCK on the pressor reflex induced by GD was examined by microinjecting CCK into rVLM in the absence of EA in four rats. In 13 rats initially responsive to EA, 50 nl CCK-8 (n ϭ 7) or saline (n ϭ 6) was microinjected into the rVLM immediately after 30 min of EA. Thus, after recording two repeatable responses to gastric distention, EA at P5-P6 was applied bilaterally for 30 min during three additional gastric distensions. The effect of CCK-8 or saline microinjected into the rVLM at the end of EA was evaluated during eight additional gastric distensions. Thus, a total of 13 gastric distensions were evaluated to examine influence of exogenous CCK-8 on the EA response.
Role of CCK1 receptor antagonism in rVLM of nonresponders. Nonresponders were identified by the inability of EA to inhibit sympathoexcitatory reflex responses. The response to rVLM microinjection of the CCK1 receptor antagonist devazepide immediately after termination of the initial 30-min period of EA was evaluated by applying EA a second time. The action of the vehicle control also was evaluated in five additional nonresponsive rats during repeated EA.
Role of opioids in nonresponders converted to responders. The action of naloxone, an opioid receptor antagonist, in the rVLM was evaluated during EA inhibition of excitatory cardiovascular responses in nonresponders that had been converted to responders with devazepide. Blockade of opioid receptors in the rVLM, thus, was performed 2 min prior to the tenth gastric distention. Four additional reflex responses were measured after delivery of naloxone. Responses to vehicles (devazepide and naloxone solvents) microinjected into the rVLM were examined in five other nonresponders.
Statistical Analysis
Reflex responses are expressed as the difference in mean arterial blood pressure comparing steady-state baseline BP and pressure at peak response. Changes in mean arterial pressure are presented as bar histograms. Data are presented as means Ϯ SE. The increases in blood pressures before and after delivery of experimental drug, vehicle, or saline were compared by a one-way repeated-measures ANOVA followed post hoc by the Student-Newman-Keuls test. Additionally, a two-way repeated-measures ANOVA followed post hoc by the Student-Newman-Keuls test was used to compare the inhibitory responses between control and treatment groups. Data are plotted and analyzed with the Kolmogorov-Smirnov test for normal data distribution and normalized when necessary with SigmaPlot (Jandel Scientific). All statistical analyses were performed with SigmaPlot/Stat (Jandel Scientific). The 0.05 probability level was used to detect significant differences.
RESULTS

Anatomical Study
Double labeling of enkephalin and CCK1 receptors in rostral ventrolateral medulla. Consistent with our previous findings (22) , perikarya containing enkephalin were found in the rVLM of two rats. In addition, labeling of CCK1 receptors was identified in the rVLM, suggesting the presence of CCK1 receptors in this area. More important, we noted colocalization of CCK1 receptors with neurons containing enkephalin in both rats. Approximately 28 enkephalin-containing neurons were noted in each section of the rat's rVLM. Seventeen of these neurons colabeled with CCK1 receptors. Thus, ϳ60% of the enkephalinergic neurons contained CCK1 receptors. Fig. 1 demonstrates confocal images of a neuron double-labeled with enkephalin and CCK1 receptors in the rVLM of a rat.
Physiological Studies
EA actions at P5-P6 acupoints on gastric distention reflex responses.
Repeated gastric distension evoked consistent sympathoexcitatory responses every 10 min (Fig. 2A) . In the responders, a single 30-min application of EA modulated the excitatory cardiovascular responses by about 50% (Fig. 2B) . This observation is consistent with our previous studies (14, 43) . In contrast, rats that did not respond to 30 min of EA were classified as nonresponders (n ϭ 26).
CCK-8 in EA modulation of cardiovascular excitatory reflex. The role of CCK-8 in EA's inhibitory action on pressor reflex was examined in the rVLM of a subgroup of animals that were initially responsive to a single 30-min period of EA.
Microinjection of CCK-8 immediately after acupuncture reversed EA inhibition of reflex elevations of mean arterial pressure (Fig. 3A) . CCK in the absence of EA (n ϭ 4) did not influence the pressor responses (22 Ϯ 1 mmHg) induced by gastric distension or basal BP. Thus, the reflex-induced change in blood pressure was unaltered by CCK when EA was not applied. Furthermore, saline did not alter the EA response (Fig. 3B) .
CCK1 receptor antagonist in nonresponders.
Rats not responsive to a single application of EA received microinjection of devazepide into the rVLM. The CCK antagonist converted all nonresponders into responders during a second application of 30 min EA (Fig. 4A) . The converted group exhibited a reduced reflex pressor response of about 50%, similar to the extent of EA inhibition in animals that were initially responsive to acupuncture. On the other hand, in the absence of a second application of EA, devazepide did not change the primary gastric distension reflex (Fig. 4B) . Microinjection of the vehicle control for devazepide into the rVLM also did not alter nonresponsiveness to EA (Fig. 4C) .
Role of opioids in nonresponders converted to responders. The action of opioids in nonresponders that were converted to responders with devazepide was examined at the end of a second 30-min period of EA. Similar to our previous observations in animals initially responsive to EA (43, 45) , opioid receptor blockade with naloxone transiently reversed EA modulation of the excitatory hemodynamic responses in the converted group (Fig. 5A) . The significantly reduced blood pressure response represented by 3rd bar from right in Fig. 5A demonstrates that the effect of naloxone subsided within 20 min and that the acupuncture effect outlasted the action of naloxone, consistent with our previous study (69) . On the other hand, sequential microinjections of vehicle and saline in the nonresponders did not alter either nonresponsiveness to EA or the primary gastric distension reflex response (Fig. 5B) .
Confirmation of microinjection sites. Examination of the rat brain slices verified that all injections located within the rVLM significantly influenced the responses to gastric distension, while the five injections outside the rVLM did not alter the reflex cardiovascular responses (Fig. 6) . Microinjection sites were observed 1.0 to 1.5 mm rostral to the obex, 0.5 to 1.0 mm from the ventral surface, and 1.8 to 2.3 mm lateral to the midline, a region consistent with the location of the rVLM, according to the atlas of Paxinos and Watson (56) .
DISCUSSION
We have shown in a number of experimental studies that EA inhibits sympathoexcitatory cardiovascular reflex responses (14, 43, 44, 78, 79) . However, approximately one-third of the animals do not respond to 30 min EA at P5-P6. The present study is the first to demonstrate that CCK-8 in the rVLM antagonizes EA modulation of sympathoexcitatory hemodynamic responses. Perhaps more importantly, the current study demonstrates that nonresponders can be converted into an EA-responsive group, following blockade of CCK1 receptors. We also examined the mechanism associated with the inhibitory action of EA in the converted group and showed that similar to animals that are initially responsive to EA (14, 43,  44, 78, 79) , the opioid system contributes to EA modulation of cardiovascular excitatory responses in nonresponders that have been converted into responders by CCK1 receptor blockade.
Of note, in a number of studies, we have found that unilateral blockade significantly diminishes the EA response, which quite likely involves bilateral activation of brain stem nuclei (67, 69) . In the present study, we observed less of a response to EA inhibition comparing devazepide converted-responders to rats that responded initially to EA without devazepide. In this regard, we observed that the EA-associated reduction in the pressor reflex in the converted-responder group was less than that observed in the group that responded initially (35 vs. 48%). Furthermore, we found that the duration of EA's inhibitory action in the converted responders was shorter than in rats that responded initially (50 vs. 80 min). These results suggest that unilateral blockade of CCK's action partially (but significantly) blocks CCK function. The important point, however, is that unilateral blockade with devazepide in the rVLM was sufficient to observe a substantial action of EA on the excitatory reflex response. These results support our working hypothesis.
CCK-8 antagonizes the actions of opioids (26), GABA (49), dopamine (28) , endocannabinoids (9), vasoactive-intestinal-polypeptide (33), and 5-hydroxytryptamine (71). Through these actions, this octapeptide may participate in regulation of satiety, feeding, learning and memory, nociception, and mood disorders, by stimulation of CCK1 and CCK2 receptors. To this list, we now can add a role for CCK in EA modulation of sympathoexcitatory events.
The sulfated C-terminal CCK-8, the predominant form of CCK in the CNS, is observed in high levels in the hippocampus, amygdala, septum, olfactory tubercles, caudate nucleus, paraventricular nucleus and dorsal medial region of the hypothalamus, and the nucleus of the solitary tract in the brain stem (3, 13) . CCK containing neurons and receptors are localized in the brain stem, although the rVLM has not previously been examined specifically (4, 51-53). Several studies have sug- gested that the CCK system may contribute to the mechanism underlying decreased responsiveness to EA-induced analgesia (25, 31, 32, 34, 35, 63, 76) . For example, CCK1 and CCK2 receptor gene expression in the hypothalamus has been demonstrated to have an inverse relationship with the individual variations to analgesia during high-frequency (100 Hz) EA in rats (32) . Furthermore, CCK1 receptor expression is higher in low responders than high responders to 2-Hz EA treatment (34) . Similarly, the analgesic effect induced by 2-Hz EA is enhanced in CCK1 receptor-deficient rats compared with the wild-type rats (31, 35) . None of these experiments actually prove that CCK is the cause of decreased responsiveness to acupuncture, since they rely strictly on associations. However, Han's group has shown that intracerebroventricular or intrathecal CCK-8 reverses EA analgesia (25) . They also have shown that the endogenous level of CCK-8 in the periaqueductal gray is higher in the brain of low responders compared with high responders (63) . Additionally, intracerebroventricular injection of a CCK-8 antisense vector increases analgesia during EA in low responders (63) . However, there are limitations to only limiting CCK production, which may limit its interaction with a number of downstream mediators and neurotransmitters. These early approaches did not identify the receptor mechanism through which CCK might act. Furthermore, while these studies suggest that CCK may be negatively involved in EA-related analgesia, no studies have evaluated the role of CCK in EA modulation of cardiovascular function or specific regions in the brain where CCK acts in any circumstance, and none have evaluated animals that are completely unresponsive to acupuncture.
CCK's antagonistic influence on the action of opioids in the rVLM infers that CCK receptors are associated with enkephalinergic neurons. Although it has been established that the distribution of CCK (3) and CCK receptors (60) is similar to that of opioid peptides and related receptors (1) in several brain regions (19, 20, 77) , the present study is the first to show colocalization of enkephalin with CCK1 receptors in the rVLM. This anatomical evidence suggests that CCK1 receptors have the potential to regulate blood pressure through an interaction with enkephalins produced in the rVLM (22) . CCK receptor blockade facilitates EA inhibition of sympathoexcitatory responses. Exogenous CCK likewise diminishes the cardiovascular action of acupuncture in animals that are responsive to EA. CCK receptor stimulation influences the release of neurochemicals, including opioids (16, 30, 36, 54, 70) . Taken together, our anatomical and physiological data suggest that endogenous CCK through CCK1 receptor stimulation interferes either with the release or the production of opioids in the rVLM during EA to, in turn, limit EA's cardiovascular action. Our previous data show that a single 30-min period of EA stimulation does not increase preproenkephalin during and for at least 20 min after acupuncture stimulation (38) , indicating that the cardiovascular response to EA applied once depends on constitutive (preformed) enkephalin. Thus, it is likely that CCK's action during a brief single application of EA is through its action on the release of enkephalin rather than its production.
Three cellular mechanisms could be involved in the CCK-8 antagonism to opioid function. tors in mice upregulates the endogenous opioid system (57), suggesting that CCK receptor activation may inhibit opioid availability, i.e., a presynaptic process. Second, CCK-8 binding to CCK receptors reduces opioid receptor binding (58, 73, 75) . This interaction between CCK receptors and opioid receptors likely occurs postsynaptically. Third, CCK receptor activation counteracts opioid inhibition of Ca 2ϩ channel currents (5, 59) . In this latter regard, CCK-8 reverses opioid receptor-mediated depression of calcium currents in rat dorsal root ganglia (47, 74) . Although any of these three mechanisms could be playing a role in the current observations, our physiological and anatomical data suggest that CCK receptor stimulation likely influences the availability of enkephalin.
Perspectives and Significance
Approximately 77.9 million (1 out of every 3) adults have high blood pressure in the United States. Approximately 69% of people with their first heart attack, 77% who experience their first stroke, and 74% with congestive heart failure have blood pressures above 140/90 mmHg. High blood pressure was either the primary or a contributing cause of death in about 348,102 of the 2.4 million U.S. deaths in 2009 (2013 AHA Statistical Fact Sheet). It is clear that hypertension and its consequences represent an enormous public health problem. Acupuncture represents a viable nonpharmacological treatment option. However, its hypotensive action is absent in ϳ30% of clinical and experimental subjects undergoing treatment. The current study demonstrates that nonresponders can be converted to responders following blockade CCK1 receptor in rVLM. This study thus provides not only a better understanding of the complex mechanisms underlying EA's brain stem modulatory action on reflex elevations in blood pressure but also suggests a potential method for converting EA nonresponders into responders to enhance EA's efficacy in treating hypertension.
CCK-8 in the rVLM antagonizes EA modulation of reflex sympathoexcitatory cardiovascular responses. Blockade of CCK1 receptors in the rVLM of nonresponders increases the animals' responsiveness to EA. Following conversion, EA modulates blood pressure through an opioid mechanism in the rVLM.
